Preload is classically derived from the measurement of end-diastolic fibre length. Each step away from end-diastolic fibre length creates problems.
In substituting end-diastolic volume for fibre length, we assume that the ventricle is a thinwalled sphere, when in fact it is a much more complex structure [2, 7] . Thus when diastolic volume of the ventricle is increased, fibre length is increased, but not to a uniform degree in all parts of the ventricle, because the left ventricle has been shown to be both structurally and functionally non-homogenous.
Because of logistical problems in obtaining a ventricular volume, pressure measurements have been substituted. However, in substituting enddiastolic pressure for fibre length, we must additionally assume that there is a known relationship between pressure and volume. This relationship is not defined, for two reasons. First, the pressure-volume relationship of the left ventricle is curvilinear. Second, the working conditions in terms of the Frank-Starling mechanism change drastically with changes in ventricular distensibility. The same left ventricular end-diastolic pressure (LVEDP) may indicate a high volume when a ventricle has a normal compliance and a low volume when a ventricle has a decreased compliance ( fig. 1 ). The end-diastolic volume is determined by ventricular distensibility (compliance) and the pressure acting to distend the ventricle-the transmural pressure (Ptm). The transmural pressure is the difference between LVEDP and the juxtacardiac pressure. A noncompliant ventricle or one surrounded by an increased intrathoracic pressure, requires a higher Changes in volume of the left ventricle at enddiastole may produce different changes in pressure depending on the location on the pressurevolume curve ( fig. 3 ). At a low ventricular preload, a large increase in end-diastolic volume will be accompanied by only a small increase in enddiastolic pressure. On the other hand, at high ventricular preload (high end-diastolic volume) a small change in the end-diastolic volume will be associated with a large variation in end-diastolic pressure.
In practice, left ventricular end-diastolic pressure can be used to estimate left-ventricular enddiastolic volume only when good approximations of ventricular compliance and juxtacardiac pressures are available. However, juxtacardiac pressure is often difficult to estimate accurately and the ventricular pressure-volume relationship can vary abruptly in response to ischaemia, oncotic changes and changes in temperature [8] . Opinions are still divided about drug induced changes in compliance [4, 5] . Therefore, an increase in the left ventricular end-diastolic pressure may not necessarily signify failure and dilatation of the ventricle, and a normal pressure may not indicate that all is well. Thus the measurement of enddiastolic pressure may not provide an accurate method of determining the preload of the ventricle [9] .
Changes in left ventricular compliance may affect stroke volume. Figure 4A (A-*B) shows a sudden decrease in stroke volume associated with no change in PCWP which, usually, will be interpreted as being the result of decreased myocardial contractility. However, if the ventricle becomes less compliant there may be, for the same PCWP, a decrease in LVEDV ( fig. 4B: A^B) . Thus the decrease in stroke volume could be the result of a decreased preload ( fig. 4c : A->B) instead of a decreased contractility.
The treatment indicated, as long as PCWP is low and pulmonary oedema is not a problem, is to increase preload by volume infusion or reduce left ventricular afterload (and so increase compliance), instead of increasing contractility with inotropes. It is apparent, therefore, that PCWP may not be a reliable indicator of LV preload. In clinical practice it is essential to assess the patient's response to therapy in order to optimize treatment.
INTERPRETATION OF PULMONARY ARTERY WEDGE PRESSURE MEASUREMENTS
It is generally assumed that, under most circumstances, PCWP accurately reflects mean left atrial pressure. However, this assumption is correct only if the pulmonary vascular system distal to the catheter tip (that is the pulmonary capillaries and veins) is freely patent and provides a direct, blood-filled vascular connection between the catheter tip and the left atrium, thus serving, in essence, as a direct extension of the catheter. If any interruption, whether anatomical or functional, occurs in this system, wedge pressure will no longer reflect mean left atrial pressure.
West and co-workers [13] demonstrated that there is a marked variation in blood flow existing within the human lung as a result of the interrelationships between the alveolar and vascular pressures ( fig. 5 ). In the upper part of the lung (zone 1) the alveolar pressure exceeds both pulmonary arterial and venous pressure, with the FIG. 5. Model of uneven distribution of blood flow in the lung based on the pressures affecting the capillaries [13] .
result that pulmonary capillaries are usually closed and no blood flow occurs. This effectively precludes reflection of left atrial pressures. In the central areas of the lung (zone 2) flow is primarily determined by the balance between pulmonary arterial and alveolar pressures only, because in these zones, alveolar pressure commonly exceeds pulmonary venous pressure. Balloon inflation and catheter wedging will, in fact, convert a zone 2 situation to a zone 1 situation by preventing blood flow. Thus, if the catheter is lodged in either zone 1 or zone 2, PCWP will not reflect mean left atrial pressure, but rather alveolar pressure. In the dependent part of the lung (zone 3) the capillaries remain open, because both pulmonary artery and venous pressures exceed alveolar pressure. As a result there is free communication between the left atrium and pulmonary arteries. Wedge pressure will reflect left atrial pressure accurately only when the catheter tip is in this zone.
Lateral chest x-rays, with the catheter in the wedge position, may be needed to ascertain that the catheter is positioned correctly below the left atrium [12] . Fortunately, most of the lung is in zone 3 when a patient is supine; flow-directed catheters will usually enter zone 3 because most blood is flowing to this area [6] . The incidence of placement in other zones is greater in patients with low vascular pressure resulting from hypovolaemia, or in those with increased intraalveolar pressures (for example as might be developed during the use of PEEP). However, as long as the catheter tip remains below the left atrium, zone 3 conditions will exist, despite high PEEP. Thus wedge pressures can still provide reasonable accurate estimates of mean left atrial pressures.
VENTILATION AND PCWP
The positive and negative swings in intrathoracic pressures associated with all forms of ventilation influence intraluminal pulmonary vascular pressure. Because intrathoracic pressure is closest to atmospheric pressure during end-expiration, regardless of whether the patient is breathing spontaneously or with the help of mechanical ventilation, all pressures should be measured at this point of the cycle to minimize the influence of intrathoracic pressure swings [10] .
Errors in the measurement of wedge pressure during PEEP may be caused by the increase in the alveolar pressure at end-expiration, which increases the size of zones 1 and 2, especially in a hypovolaemic patient, and by the increase in pleural pressure associated with the increase in lung volume. This may decrease the effective transmural pressure (intraluminal pressure minus intrapleural pressure) because the increase in intraluminal pressure may be less than the increase in pleural pressure.
In any patient, the effect of PEEP on intrapleural pressure depends on that patient's lung compliance. Thus in a patient with decreased lung compliance in whom the effect on intrapleural pressure is minimal, intraluminal pressure reflects transmural pressure and actual filling pressure. However, in a patient with a normal or increased lung compliance, intrapleural pressure increases with PEEP and intraluminal pressure will no longer reflect true filling pressures.
The problem caused by PEEP cannot be overcome by measuring PCWP when PEEP is reduced or discontinued, since this would affect venous return and so create a completely different haemodynamic setting [11] . Theoretically it is better to measure transmural filling pressure, which is the difference between intravascular pressure and extravascular pressure (= pleural pressure). Pleural pressure can be measured directly [1] or by an intraoesophageal balloon [3] , but this is difficult in clinical practice.
CONCLUSIONS
Many pathological conditions exists in which PCWP may not estimate left ventricular preload. Furthermore, there are many sources of error in the measurement. In view of these limitations it is vital to adopt a more critical attitude in evaluating data derived from the pulmonary artery catheters.
